We present a bistable photonic crystal configuration consisting of a waveguide sided coupled to a single-mode cavity with instantaneous Kerr nonlinearity. We show that such a configuration can generate extremely high contrast between the bistable states in its transmission with low input power. We also provide an analytic theory that can completely account for the entire transient switching dynamics, as revealed by finite difference time domain simulations. © 2003 American Institute of Physics. ͓DOI: 10.1063/1.1615835͔
Optical bistable devices are of great importance for alloptical information processing applications. 1 Recently, it was shown that optical bistability could be achieved in a nonlinear photonic crystal ͑PC͒. [2] [3] [4] [5] The use of a PC resonator results in greatly reduced power requirements. For practical applications of integrated two-port bistable devices, however, an important consideration is the contrast ratio in the transmission between the two bistable states. A high contrast ratio is beneficial for maximum immunity to noise and detection error, and for fan-out considerations.
In this letter, we present an alternative PC configuration with a greatly improved contrast ratio in its transmission. We also provide an analytic theory that can account for the switching dynamics in nonlinear PC structures. Unlike previously considered two-port PC devices based upon directcoupled resonator geometry ͓Fig. 1͑a͔͒, 2-4 our proposed configuration consists of a waveguide side-coupled to a singlemode cavity with Kerr nonlinearity ͓Fig. 1͑b͔͒. Similar to the direct-coupled resonator geometry, the optical energy inside the cavity can exhibit bistable dependence on the incident power level, and can switch between two states with either low or high optical energy. In general, due to weakness of nonlinearity, it is necessary to choose the operating frequency to be in the vicinity of the resonant frequency in order to reduce the incident power requirement. Doing so, however, also decreases the ratio of the optical energy of the two states inside the resonator.
In the direct-coupled resonator geometry as shown in Fig. 1͑a͒ , the transmitted power is proportional to the optical energy inside the cavity. Thus, the contrast ratio in the transmitted power becomes limited. In comparison, for the sidecoupled geometry ͓Fig. 1͑b͔͒, one could take advantage of the interference between the propagating wave inside the waveguide and the decaying wave from the cavity, to greatly enhance achievable contrast ratio in the transmission between the two bistable states.
Using a similar procedure to that outlined in Ref. 4 , the transmitted power ratio T for a nonlinear side-coupled resonator can be analytically written as
where P in , P ref , and P trans are, respectively, the input, reflected, and transmitted powers such that P in ϭ P trans ϩ P ref .
P 0 ϭ1/͓Q 2 res n 2 (r)͉ max /c͔ is the characteristic power of the cavity and is the dimensionless scale invariant nonlinear feedback parameter proportional to the overlap of the cavity mode with the nonlinear region. 4 ␦ϭ( res Ϫ 0 )/␥ is the detuning of the incident excitation frequency 0 from the cavity resonance frequency res , and the cavity decay rate ␥ is related to the cavity quality factor Q by ␥ϭ res /(2•Q). n 2 (r) and c are, respectively, the spatially varying Kerr coefficient, and the speed of the light. For a particular set of parameters to be detailed later, the behavior of P trans as a function of P in is shown as the red solid line in Fig. 2 . Although the material response is instantaneous, this device displays memory effects such that its current state depends not only on the current input, but also on the past state of the system, yielding the hysteretic trajectories shown in Fig. 2 . We note that one of the bistable states can possess a nearzero transmission coefficient, and thus the contrast ratio can be infinitely high. This occurs when there is sufficient energy inside the cavity such that the resonance frequency of the cavity coincides with that of the incident field.
As a physical implementation of the theoretical idea just presented, we consider the PC structure shown in the inset of Fig. 2 . The crystal consists of a square lattice of high dielectric rods (nϭ3.5) with a radius of 0.2a, (a is the lattice constant͒ embedded in air (nϭ1). We introduce the wave- a side-coupled cavity that supports a single resonant state by introducing a point defect with an elliptical dielectric rod, with the long and short axis lengths of a and 0.2a, respectively. The defect region possesses instantaneous nonlinear Kerr response with a Kerr coefficient of n 2 ϭ1.5 ϫ10 Ϫ17 W/m 2 , which is achievable using nearly instantaneous nonlinearity in many semiconductors. 6 The use of the elliptical rod generates a single-mode cavity and also enhances the field localization in the nonlinear region.
We perform nonlinear finite difference time domain ͑FDTD͒ simulations 7 for the TM case with electric field parallel to the rod axis for this PC system. The simulations use 12ϫ12 grid points per unit cell, and incorporate a perfectly matched layer boundary condition specifically designed for PC waveguide simulations.
8 At a low incident power level at which the structure behaves linearly, we determine that the cavity has a resonant frequency of res ϭ0.371(2c/a), which falls within the band gap of the PC, a quality factor of Qϭ4494, and a nonlinear feedback parameter ϭ0.185. Using these parameters, the theory predicts a characteristics power level of P 0 ϭ4.4 mW/m for the 1.55-m wavelength used in our simulations. For a three-dimensional structure, with the optical mode confined in the third dimension to a width about half a wavelength, the characteristic power is only on the order of a few milliwatts.
To study the nonlinear switching behavior, we excite an incident cw in the waveguide detuned by ␦ϭ2) from the cavity resonance (␦ϭ) is the minimum detuning requirement for the presence of bistability͒. We vary the input power and measure the output power at steady state, as shown by the open circles in Fig. 2 . In particular, we observe a bistable region between 3.39P 0 and 7.40P 0 . The FDTD results fit almost perfectly with the theoretical prediction, generated using Eq. ͑1͒ and exhibited as a solid line in Fig. 2 . Note that on the theory curve, the region where there are no FDTD data points is unstable. The contrast ratio between the upper and lower branch approaches infinity as transmission drops to zero in the lower branch in transmission. Figure 3 shows the field patterns for the two bistable states for the same input cw power level of 3.95P 0 . Figure  3͑a͒ corresponds to the high transmission state. In this state, the cavity is off-resonance with the excitation. The field inside the cavity is low, and thus the decaying field amplitude from the cavity is negligible. Figure 3͑b͒ corresponds to the low transmission state. Here, the field intensity inside the cavity is much higher, pulling the cavity resonance frequency down to the excitation frequency of the incident field. The decaying field amplitude from the cavity is significant, and it interferes destructively with the incoming field. Thus, it is indeed the interference between the wave propagating in the waveguide and the decaying amplitude from the cavity that result in the high contrast ratio in transmission.
The FDTD analysis also reveals that the transmission can be switched to the lower branch from the upper branch with a pulse. Figure 4 shows the peak power in each optical period in the waveguide as a function of time, as we switch the system between the two bistable states shown in Fig. 3 . As the input is initially increased to the cw power level of 3.95P 0 , the system evolves into a high transmission state, with the transmitted power of 3.65P 0 . The switching then occurs after a pulse, which possesses a peak power 20.85P 0 , the same carrier frequency as that of cw, and a rise time and a width equal to the cavity lifetime, is superimposed upon the cw excitation. The pulse pushes the stored optical energy inside the cavity above the bistable threshold. After the pulse has passed through the cavity, the system switches to the bistable state with low transmission power of 0.25P 0 .
The switching dynamics, as revealed by the FDTD analysis, can in fact be completely accounted for with temporal coupled-mode ͑CM͒ theory. The CM equations 9 relating the input, reflected, and transmitted power can be expressed in the following form for the side-coupled cavity structure:
where S in and S ref are proportional to the incident and reflected field amplitudes, respectively, such that P in ϭ͉S in ͉ 2 ,
It is important to note that the FDTD analysis takes into account the full effects of the nonlinearity. The CM theory, on the other hand, neglects higher harmonics of the carrier frequency generated by the nonlinearity. Nevertheless, since the switching and the cavity decay time scales are far larger than the optical period, the agreements between the CM theory and FDTD simulations are excellent as shown in Fig. 4 . Thus, we show that the nonlinear dynamics in PC structures can be completely accounted for using CM theory, which provides a rigorous and convenient framework for analyzing complex nonlinear processes and devices.
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